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ABSTRACT 
BLUEBERRY FRUIT DEVELOPMENT AND SPLITTING 
by Carrie Lee Witcher 
May 201 1 
Rain-related splitting of blueberry fruit is a problem facing growers in the 
southeastern United States and causes an estimated profit loss of up to 20% ($300- $500 
per acre). Studies of this phenomenon in other thin-skinned, soft, fleshy fruit showed that 
no single or set of related physiological or anatomical property explained splitting. 
Similar research on blueberry fruit was inconclusive, thus a different approach was 
suggested. l sampled five cultivars at various stages of development distributed across 
acknowledged split-resistant (SR) and split-susceptible (SS) categories including both 
rabbiteye and southern highbush types. Several developmental studies were completed at 
the light microscope level that allowed us to analyze apoplast to symplast ratios (A:S 
ratio) and thus allowed a study of anatomical features that should be strongly influenced 
by physiologicalJhydrostatic phenomena. Several hypotheses of A:S ratios were tested 
resulting in the observed correlations that ( l ) at the attachment end of the fruit, the SR 
ratios were lower than the SS ratios and (2) at the floral end, the SR ratios were bracketed 
by the SS ratios. These correlations are consistent with an interpretation that (1) a higher 
A:S ratio increases the amount of hydrophilic (wall) material for water uptake and (2) 
extremes in A:S ratios compromise the structural integrity of the fruit tissue. 
It 
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CHAPTER I 
INTRODUCTION 
Rain-related splitting of blueberry fruit is a problem facing growers in the 
southeastern United States. A 2006 survey of Mississippi and Louisiana blueberry 
growers indicated that fruit splitting reduced marketable fruit and thus profit up to 20% 
with profit loss being estimated at $300- $500 per acre (Marshall, Spiers, & Braswell, 
2006). The two main types ofblueberries grown in the southeastern United States are 
rabbiteye and southern highbush, and both types include split-resistant and split-
susceptible cultivars. I crafted a project to explore the problem of blueberry splitting by 
identifying five cultivars distributed across split-resistant and split-susceptible categories 
and including representatives of both rabbiteye and southern highbush. 
Splitting (cracking) is also a problem affecting soft, fleshy fruit such as tomato, 
grape, and cherry in which the epidermis and sometimes pulp of mature fruit tear apart. 
Physiological properties such as osmotic potential of tissue and altering of transpiration 
rates were causally related with splitting (Frazier, 1934; Meynhardt, 1964b; Pallais, 
1984 ). Anatomical properties such as size of stomata, number of subepidermal layers, 
and cuticular thickness were also causally related to splitting (Meynhardt, 1964a; Sekse, 
1995). One common finding was that no single physiological or anatomical property was 
solely related to splitting. There was also consensus that increases in turgor pressure by 
some causally related properties were involved (Duke, 1987; Frazier, 1934; Meynhardt, 
1964b; Pallais, 1984; Sekse, 1995). 
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Marshall (200 1, 2005) demonstrated that most of the physiological properties that 
were found to be causally related to splitting in other fruit were only weakly correlated at 
best in blueberry. This suggested that a study of anatomical properties, especially those 
properties that might influence turgor pressure, was appropriate. Therefore, cell wall; 
lignification; vascularization; intercellular voids; and intercellular, mucilage-filled spaces 
became the focus of this project. The significance of callose formation on the tissue 
surface where a split has occurred and unbroken cells lining the inside of a fruit fissure 
was also considered. 
A general study of blueberry fruit development was conducted to provide an 
adequate background for a more focused study on blueberry fruit splitting. The five 
cultivars chosen for the study were ' Magnolia' (split-resistant) , ' Montgomery' (split-
resistant), 'Pearl River' (split-susceptible), 'Premier' (split-resistant), and 'Tifblue ' (split-
susceptible). The project has two major goals, the second of which led to five 
hypotheses. 
Goals 
• To produce a developmental study of blueberry fruit that could be used to support 
an anatomical study of fruit splitting 
• To determine aspects of fruit tissue anatomy that are correlated and might be 
causally related to splitting 
Hypotheses 
1. Blueberry fruit splitting occurs at areas of middle lamella separation and not 
because of cells bursting. 
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2. Splits are causally manifested in extremes in apoplast:symplast ratios found in 
some cultivars. 
3. Cultivars judged to be split-resistant in the field have a lower 
apoplast:symplast ratio than do split-susceptible cultivars. 
4. Considering split-susceptible and split-resistant cultivars separately, 
apoplast:symplast ratios differ between the floral end and attachment end. 
5. Considering the floral end and attachment end of the blueberry fruit separately 
across cultivars, apoplast:symplast ratios differ. 
CHAPTER II 
LlTERA TURE REVIEW 
Spli tting 
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Rain-related splitting of blueberry fruit is a problem facing growers in the 
southeastern United States. Blueberry acreage is continually increasing within the region 
with growers reporting over 17,000 acres valued at $150,388,000 in 2006 (USDA/NASS, 
2007). The commercial acreage of rabbiteye blueberries in Mississippi increased from 30 
to 2000 acres from 1976 to 2006. A 2006 survey of Mississippi and Louisiana blueberry 
growers indicated that fruit splitting reduced marketable fruit and thus profit up to 20% 
with profit loss being estimated at $300-$500 per a9re (Marshall, Spiers, & Braswell, 
2006). 
The two main types grown in the southeastern United States are rabbiteye and 
southern highbush. Rabbiteye blueberries are more popular among growers, but the more 
recently introduced southern highbush is increasing in acreage. Southern highbush 
blueberries generally ripen earlier, making them lucrative for the early fresh market 
window. Both groups of blueberries are susceptible to rain-related splitting, but the 
severity of the injury to the fruit is cultivar specific (Marshall, Spiers, & Stringer, 2008). 
The term "splitting" refers to oblong wounds ranging from small, shallow cracks 
in the skin to deep wounds that penetrate into fruit pulp. Environmental conditions of a 
wet spring and large fruit set, followed by 4 to 5 weeks of no rain, followed by a heavy 
rainfall (more than 3 inches) leads to blueberry splitting. Such splitting could be reduced 
if the soil is kept moist with irrigation during the dry period (Lyrene & Crocker, 199 1). 
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Marshall, Spiers, and Stringer (2008) reported for Mississippi a prevalence of splitting in 
drought stressed rabbiteye blueberries that experience intense rain right before harvest. 
She reported a positive correlation between fruit firmness and the tendency to split. In 
addition to blueberries, splitting (cracking in some literature) also occurs in the soft, 
fleshy fruit of tomato, grape, and cherry with various shapes and locations of splits. 
Various mechanisms of splitting have been proposed for blueberries as well as cherries, 
tomatoes, and grapes. A single cause for splitting seems unlikely, and different fruit 
types and even different cultivars may split for different reasons. For example, cultivar 
differences in cherries including soluble solids content, fruit firmness and turgor, and skin 
elasticity as well as environmental factors such as tem.perature and period of wetting have 
been associated with splitting. However, most researchers across fruit types have agreed 
that rain-related splitting is associated with water uptake at harvest time (Belmans & 
Keulemans, 1996). 
Blueberry Morphology: Whole Plant and Tissue Level 
Anatomical Description of Blueberry 
Blueberries belong to the genus Vaccinium (Ericaceae) in which consists of 
mostly woody shrubs that grow naturally in acidic soils (Gough, 1994). The most 
common species of cultivated blueberry are V. ashei (rabbiteye), V. corymbosum 
(highbush), and V. augustifolium (lowbush; Eck, 1986). Southern highbush, grown in the 
south along with rabbiteye, is an interspecific hybrid between V. corymbosum, V. 
augustifolium, and V. darrowii with some other species instrumental for incorporation of 
genes to adapt the group for growth in the south (Ballington, 2008). The ploidy level 
varies among blueberry cultivars with 2n, 4n, 6n, and even a 5n being reported (D.A. 
Marshall, personal communication, 201 0). Rabbiteye and southern highbush both 
include several cultivars but are different in genetic composition. Rabbiteye is a trivial 
name associated with all the members of the species V ashe f. Southern high bush refers 
to a combination of Vaccinium spp. not all of which are necessarily included. 
Blueberry plants are mainly deciduous perennials with simple leaves arranged 
alternately on the stem (Eck, 1986). The leaf shape varies among species and is 
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described as elliptic in lowbush, ovate in highbush, and spatulate to oblanceolate in 
rabbiteye. Highbush blueberry plants have fine hairs on their abaxial leaf surfaces while 
rabbiteye plants have minutely stalked glands on theirs. Neither lowbush nor highbush 
have abaxial leaf surface glands (Darnell, Stutte, Martin, Lang, & Early, 1992). Basal 
blueberry shoots arise from an enlarged transition area at the root/shoot interface called 
the crown. These shoots develop from buds formed during previous growing seasons 
(Gough, 1994). Established shoots develop axillary bud primordia more than a year 
before they produce buds (Eck, 1988). The roots of blueberry plants are fine and fibrous, 
lacking root hairs and a tap root (Eck & Childers, 1966). The growth habit of the roots 
varies by soil types and cultural practices (Spiers, 1978). Highbush plants have roots that 
are mainly parallel to the soil surface (Gough, 1994) whereas the roots of rabbiteye plants 
penetrate up to 100 em in well drained soil (Austin, 1994). 
The flowers of blueberry form as complex racemes in which the individual 
racemose units are themselves racemes. The main raceme comprises a central axis with 
peduncles each supporting 1-16 pedicelate flowers which are also a raceme (Eck, 1988). 
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The differentiation of a vegetative bud into a flower bud occurs for the highbush 
blueberry from mid to late summer (Gough, 1994) and for rabbiteye blueberry from late 
summer to early fall (Darnell et al., 1992). Initially both axillary vegetative and flower 
buds are indistinguishable. Those buds destined to become flowers develop basipetally 
along the shoot axis with the apex of the each bud swelling to form the peduncle of the 
future racemose inflorescence (Gough, Shutak, & Hauke, 1978). The peduncle grows 
with lateral floral buds developing acropetally along its axis until the peduncle bud 
aborts. Floral apical meristems flatten and differentiation proceeds by centripetal 
succession of scales on the outside, followed by sepals, petals, stamens, and fmally 
carpels. The petals lengthen and enclose androecium and gynoecium completely. Ovary 
primordia and microspore and megaspore mother cell formation begin in early winter. Ln 
the spring, ovules and pollen grains begin their final stage of development with the 
embryo sac forming just prior to bloom (Gough, 1994). 
Flower A nato my 
The floral structure at anthesis consists of a white or pink urn-shaped corolla with 
its opening generally inverted. The corollas of rabbiteye flowers are generally narrower 
than high bush flowers (Darnell et al. , 1992). An individual flower consists of five fused 
sepals making up the calyx, five fused petals, and eight to ten stamens (dependent on 
blueberry type) each consisting of a hairy, flattened filament supporting a bi-awned 
anther, and a single style all fused into an inferior ovary (Gough, 1994). The style is 
multi-lobed and hollow with a small stigma at the tip. The style elongates, extending the 
stigma to the corolla opening and will lengthen beyond the corolla if not pollinated. 
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The Ovary 
Bell and Giffin ( 1957) described the vascular anatomy of the lowbush blueberry 
ovary in detail. The vascular anatomy was depicted using a continuous series of 
transverse sections with critical sections being plotted mechanically on graph paper. 
They based their principal interpretation of the floral vascular system on sections through 
an ovary of a flower at anthesis. Ovaries were evaluated from flower through ripe fruit 
stages, and "although there was naturally great change in size and maturity, there was no 
change in vascular pattern" (Bell & Giffin, p. 667). 
The pedicel contains a siphonostele which divides into 10 bundles called 
primaries that branch diagonally outward and upward into. the ovary. The 10 bundles 
comprise two sets of five primaries alternating and branching at two different levels. The 
higher branching primaries give rise to the sepal and sepal-stamen bundles. The lower 
branching primaries give rise to the petal, dorsal (outer) carpellary, and petal-stamen 
bundles. 
Lateral branches extend from the ten primary bundles toward the center of the 
ovary forming the ventral (inner) carpellary system. The branches first form an irregular 
vascular ring with phloem and xylem completely mixed but soon organize into five 
bundles, each opposite a locule, with phloem to the inside ofxylem. The five bundles 
continue upward, bend outward, then enter the placenta where they branch into multiple 
ovules. 
The higher level primaries branch a second time, each one relatively close to its 
respective ventral carpellary branch and below the base of a locule. The inner and 
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smaller of the two bundles of each branching primary extends upward through the ovary 
into an inner circle stamen. Each outer bundle extends upward through the ovary into a 
sepal, forming its mid-rib and largest sepal bundle. Each sepal and sepal-stamen bundle 
occurs opposite the partition between locules, and the sepal-stamen bundle is just inside 
the partition. Both bundle types give rise to numerous, fine anastomosing branches along 
their lengths. Some of these fine branches extend to the top of the ovary and enter the 
bases of the sepals. Each sepal-stamen bundle branches near the top of the ovary and 
extends to the nectary but only the phloem elements enter the lower nectary cells. 
The second division of the lower branching primaries occurs at about the level of 
the base of the locules with each bundle forming at an il).vagination which is a false 
partition associated with each locule. Each dorsal carpellary bundle is formed from the 
inner branch of this division and extends upward through the false partition, curves over 
the top of the locule, traces into the locule, turns toward the center, enters the base of the 
style, bends upward becoming vertical, and proceeds upward in the style. The remaining 
outer, larger branch of each primary continues upward as a single strand to about the 
level of the center of the locule where it branches again. The inner, smaller branch 
continues upward entering a stamen of the outer ring. A nectary branch extends from the 
petal-stamen bundle as described for the sepal-stamen bundle. Each remaining primary 
bundle is an unbranched petal bundle. Fine branches emanate from each petal-stamen 
bundle in contrast to the unbranched petal and dorsal bundles. The petal, petal-stamen, 
and dorsal carpellary bundles are centered on the loculola.r false partitions with the sepal 
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and sepal-stamen bundles to the outside of the locule and the dorsal carpellary bundle to 
the inside. 
Transition: Ovary to Fruit 
Blueberry fruit exhibit a double sigmoid growth curve divided into three stages. 
Anthesis and ferti lization mark the beginning of Stage I. Fertilization is followed by 
abscission ofvarious floral parts. The corolla and stamen are first to absciss followed by 
the style. The stage also includes rapid pericarp development by cell division, 
accelerated endosperm growth, and a high, but declining, respiration rate. Stage 11 is 
dominated by rapid endosperm and embryo development with little or no growth of 
mesocarp tissue and declining metabolic activity (Darn~ll et al., 1992; Gough, 1994). 
The fruit reaches about 40% of its final size in this stage (Eck 1986). Stage III is 
characterized by rapid mesocarp growth due to cell enlargement and is accompanied by a 
substantial increase in respiration and softening of the fleshy peri carp (Figure 1; Darnell 
et al. , 1992; Gough, 1994). Highbush, lowbush, and rabbiteye blueberry can be described 
by this type of growth curve, but the duration of the stages can vary by cultivar and 
environmental conditions (Darnell et al., 1992). 
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Figure 1. Developmental growth stages of blueberry fruit including highbush, lowbush, 
and rabbiteye blueberry types. Blueberry fruit exhibit a double sigmoid growth curve 
divided into three stages. Stage l begins with anthesis, has a comparatively long lag time 
(orange) compared to Stage Ill, and ends with a small exponential fruit volume increase 
(yellow). Stage ll is a stationary phase (pink) thus containing little to no fruit volume 
increase. Stage UI is characterized by rapid mesocarp growth (exponential fruit volume 
increase [yellow]) and ends with negative acceleration (green) and lag time (orange). 
Created from information provided in "Developmental Physiology of Rabbiteye 
Blueberry," by R. Darnell, G. Stutte, G. Martin, G. Lang, & J. Early, 1992, Horiticuitura/ 
Reviews, 13, p. 381 and The Highbush Blueberry and Its Management, by R.E. Gough, 
1994, p. 51. New York: Food Products Press an Imprint of the Haworth Press, Inc. 
Blueberry fruit ripens in distinct color phases beginning after fertilization when 
the floral ovary develops into a small , firm green fruit. The fruit enlarges and progresses 
from green to pink and then blue. At maturity, the fruit has reached its maximum size 
and is entirely blue with a powdery, waxy bloom (Table 1; Gough, 1983). 
Table l 
Blueberry Ripeness Stages 
Rank Ripeness 
1 Immature green 
2 Mature green 
3 Green-pink 
4 Pink-green 
5 Blue-pink 
6 Blue 
Code 
IG 
MG 
GP 
PG 
BP 
B 
Fruit description 
100 % surface dark green 
Light green with pink calyx 
75% green and 25% pink 
75% pink and 25% green 
75% blue and 25% pink 
90-100% blue not more than 
10% pink 
Note. Created from information provided in "The Occurrence of Mesocarpic Stone Cells in the Fruit of 
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Cultivated Highbush Blueberry," by R.E. Gough, 1983, Journal of the American Society f or Horticultural 
Science , /08 (6), p. I 064. 
Bluebeny fruit develops from an inferior ovary comprising five carpels. The 
carpels are surrounded basally by what in the fruit will be called accessory tissue. This 
tissue can have two different ontological origins. The receptacular theory indicates that 
the tissue of the floral axis or receptacle is involved in the formation of an inferior ovary. 
The appendicular theory indicates that the floral whorls (sepals and petals) are involved 
in the formation of an inferior ovary. The development of the blueberry is that of a berry, 
but because the carpels are intimately associated with receptacular or appendicular tissue, 
which of the two is currently unknown, the mature fruit is actually an accessory fruit. 
Some authorities refer to a blueberry as a false berry (Ballington, 2008, p.35l; Rieger 
2006, p. I t 0) while others refer to it as a true beny (Darnell et al., 1992, p. 378; Gough, 
l 994, p. 36). I prefer the term accessory fruit which refers to the involvement of 
accessory tissue in the development of the fruit. The term "false" in false berry seems 
inappropriately descriptive and a true berry does not include accessory tissue. 
13 
The outer epidermis of the fruit is one cell layer thick and is covered with a waxy 
cuticle that appears as a powdery bloom. A hypodermal area lies just beneath the 
epidermis and consists of one to several layers comprising the exocarp. Pigment is 
located in the exocarp cells, although some species contain pigment throughout the fleshy 
pericarp. The five carpels of blueberry each have a locule containing an average of 12 or 
more seeds depending on cultivar. Each locule is lined by a single layer of stone cells 
which forms the endocarp or inner epidermis of the fruit. A false partition or wall 
corresponding to an outgrowth from the carpel midrib appe;irs to divide each locule into 
two parts. Stone cells are also found throughout the mesocarp (Gough, 1994). 
Cell Wall: Structure 
Broad explanation. Plant cells are characterized by their walls which vary in 
structure, function, and state of development. The wall that forms around every plant cell 
from its inception is the primary cell wall. This is a flexible structure that expands as the 
cell increases in size. When the cell has all but stopped growing, a secondary wall is laid 
down in some but not all cells. The secondary wall may be constructed inside or outside 
or may impregnate the primary wall to add rigidity and water proofing. Walls maintain 
integrity during the life of the cell and variously undergo degradation as cells come to the 
ends of their life as seen in the programmed senescence of fruit ripening. 
Primary wall structure. Primary cell walls are complex structures that include a 
cell wall proper and region of intercellular cement called the middle lamella. The 
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jellylike middle lamella forms between adjacent cells during cell division. It consists 
largely of pectic substances and serves as glue maintaining contact between adjacent 
cells. The cell wall proper forms between a plasma membrane and middle lamella 
surrounding the membrane and functioning to contain cellular pressure. It also serves as 
a structural barri er to some molecules and as a deterrent to pathogens. The primary cell 
wall comprises three interdependent, interacting networks. The first network is one of 
cellulose and hemicelluloses (actually cross-linking glycans) and serves as the 
fundamental framework. This network is embedded in the second network which is a 
pectic polysaccharide matrix. The third network is composed of structural proteins 
(Carpita & McCann, 2000), and other wall proteins, e.g., enzymes. 
Primary wall: cellulose/hemicelluloses (first network). The cellulose-
hemicellulose network is considered the backbone of the primary cell wall. Cellulose is a 
linear 1 ,4-~-D-glucan (threadlike polymer of glucose) which assembles into 
paracrystalline microfibrils with each microfibril containing an estimated 36 parallel 
polysaccharide chains. Hydrogen bonding between adjacent cellulose chains maintains 
the microfibrillar structure with hydrogen bonding between hemicelluloses and the 
cellulosic microfibrils maintaining the overall lattice-like structure. Xyloglucan, the main 
hemicellulose in dicot cell walls, is a linear ~-( 1-4) glucosyl chain with xylose or xylose, 
galactose, or fucose-complex side chains attached at regular intervals to the carbon 6 of 
glucosyl residues of the glucan backbone. Xyloglucan specifically and spontaneously 
binds cellulose microfibrils outcompeting pectin, arabinoglactan, and other ~-glucans 
when studied in vitro. This specific bonding nature might suggest inflexibili ty and 
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finiteness, but the cellulose-hemicellulose network must allow for wall component 
rearrangement during plant development such as fruit ripening (Fischer & Bennett, 1991 ; 
Reiter, 2002). 
Primary wall: pectin (second network). The cellulose-hemicellulose network is 
embedded in a second wall network which is a hydrophilic, pectic polysaccharide matrix. 
Pectins are a class of complex, polysaccharides with the main component being 
galacturonic acid but may also have L-arabinose, D-galactose, and L-rhamnose. Pectin is 
described by the presence or absence of "smooth" or "hairy" regions on a pectin polymer. 
Pectins have divalent cation cross-linkages (i.e. , calcium ions that form crosslinks 
between carboxyl groups of adjacent pectin chains) with ~sterification to other cell wall 
polymers possible. Smooth regions comprise linear copolymers of a-( 1-4)-linked 
galacturonic acid (GalUA) and its methyl ester with a-(1-2)-linked rhamnosyl residues 
inserted within the homogalacturonan backbone. "Hairy" pectin regions include 
rhamnogalacturonans I and II and are complex heteropolymers composed of 12 different 
sugars. The backbone is rich in galacturonic acid and rhamnose and bears numerous side 
chains rich in arabinose and galactose but also containing fucose, methyl-fucose, 
methylxylose, etc. (Fischer & Bennett, 1991 ). Pectin with both ionic and covalent 
bonding may be altered by the ionic strength of the a pop last through charge modifying 
enzymes acting on the GalUA residues or by enzymatic cleavage of either the a-(1-4)-
linked GalUA backbone or hairy region side chains. Pectin provides a charged surface to 
regulate pH and ion balance as well as enzyme-binding. Cell wall porosity relies on the 
organization of pectins via their glycan substrates and not cellulose or hemicelluloses 
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(Evert, 2006). The systematic modification and disassembly of pectin during plant 
development is critical to developmental processes of the plant including fruit senescence 
(Hadfield & Bennett, 1998). Primary wall and middle lamella pectins may have subtle 
differences. Brett and Waldron (1990, p. 25) suggest that middle lamella pectin "appear 
to have fewer rhamnose residues, fewer and shorter branches, and a higher degree of 
esterification than that" of primary wall. 
Primary wall: protein (third network). The third network is one of structural 
proteins (glycoproteins). Structural prote ins are organized into classes based on their 
major amino acid components with the three major classes being hydroxy-proline-rich, 
proline-rich, and glycine-rich. Extensins are hydroxy-proline-rich proteins and are the 
best described of the glycoproteins (although little information is available on the 
biological function of any of the plant wall proteins). Ex tens ins are thought to play a 
structural role in cell wall strength and pliabili ty and may lock the wall into shape once 
the ce ll stops growing (Esau, 1953) by serving as attachment points for amino acid-
specific compounds. Hydroxyproline residues serve as attachment points for tri- and 
tetra- arabinose oligosaccharides, serine residues act as attachment points for single 
galactose residues, and tyrosine residues can form intramolecular and poten tially 
intermolecular covalent bridges by cross-linking in the wall (Brett & Waldron, 1990). 
Two non-structural protein classes, arabinogalactan and expansins, have been 
given limited descriptions by species or morphological characteristic. Arabinogalactan 
proteins occur in plasma membrane, cell wall, and intercellular spaces. They are "soluble 
and diffus ible" and have been suggested as "messengers in cell-cell interaction during 
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differentiation" (Evert, 2006, p. 69). Expansins are small proteins thought to function in 
wall-loosening and thus cellular expansion by disrupting non-covalent steric or hydrogen 
bonding between the matrix polysaccharides and cellulose. They are the only known 
wall-associated protein capable of inducing extension in vitro (Carpita, McCann, & 
Griffing, 1996). 
Secondary wall structure. Secondary wall formation may be triggered in a plant 
after cellular maturity is reached. Deposition of secondary wall is possible in various 
locations with respect to primary cell wall. Specifically, secondary wall may be 
deposited inside the primary wall (and outside the plasma membrane [lignin]), to the 
outside of the primary wall (cutin), or impregnating the prima.ry wall (suberin). Lignin 
provides mechanical strength in sclereids which are present as individual stone cells or 
may be organized into endocarp and seed coats. Suberin and cutin restrict water 
movement across cell walls as well as protect cells mechanically from insects and 
invading pathogens. Suberin impregnates fruit epidermal cells and cutin is located to the 
outside of the epidermis as cuticle. 
Cell Wall: Physiology of Fruit Ripening 
General. Plant cells modify their walls for the various stages of development 
from inception through maturation and differentiation and then finally senescence. 
Primary walls occur in functionally and sometimes morphologically distinct units, the 
wall proper and the middle lamella, each tracking on its own developmental trajectory. 
Structural components of cell walls (cellulose, hemicelluloses, and pectic 
polysaccharides) pass through various configurations throughout their life, appropriately 
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helping the cell maintain turgor pressure, providing the cell with physical protection, and 
storing various molecules that may come into play with the changing role of the wall. 
Cellulose microfibrils are not usually disassembled during typical plant processes, 
including fruit ripening, but pectin polysaccharides and hemicelluloses are disassembled 
extensively during the ripening process (Bennett, 2002). Systematic wall modifications 
apparently involve families of enzymes interacting and potentially influencing one 
another, but some non-enzymatic processes are possible (Goulao & Oliveira, 2008). 
Fruit. Fruit ripening processes (growth, pigment change, and softening) among 
species and even among cultivars of the same species differ in the order and type of cell 
wall component modifications, the expression and regulation of cell wall-modifying 
enzymes, and non-enzymatic degrading pathways. The softening process itself can be 
understood in terms of pulp firmness, rate of softening, and overall fruit texture (Goulao 
& Oliveira, 2008). 
Cell wall modifications in fruit ripening occur concurrently with a change in 
enzyme ratios which is directly related to fruit species/cultivar and stage of ripeness. 
Hemicelluloses (xyloglucans) which are hydrogen bonded to cellulose and pectic 
polysaccharides which are covalently bonded to hemicelluloses are the main wall 
components involved in cell wall modification during ripening. Hydrogen bonding 
between hemicelluloses and cellulose may be broken to convert hemicelluloses to a 
soluble form. Covalent bonding is more complex. Endoglycanases cleave backbones of 
hemicelluloses or pectins, glycosidases may remove side chains from polysaccharide 
backbones, transglycosylases cut and/or lygate hemicelluloses, and esterases and 
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acetylases remove methyl or acetyl groups from pectins and cleave ester linkages 
between polysaccharide chains. These interactions lead to cell wall structural 
modification, change viscosity and porosity, and alter hemicellulose-cellulose ligation 
patterns. Specific enzymes have been observed in pectin modification. The main 
enzymes are polygalacturonase, pectin methylesterase, pectate lyase, and ~-galactosidase. 
Pectins interact with one another through neutral side chain residues and interact with 
other structural networks (hernicelluloses) through covalent bonds. The above listed 
enzymes are associated with cleavage of both bonds between pectins and those tethering 
pectins to other wall networks. Thus the ordered action of these enzymes, in proper ratio, 
brings about the coordinated disassembly of the wall. 
Pectic polysaccharides exist as one of three different classes depending on the 
ripeness stage of the fruit. They are transformed by the removal of methyl esters via 
pectin methylesterase into protopectin, pectinic acid, and pectic acid which are 
characterized by different solubility levels. Protopectin (hydroxide soluble pectin) is 
present in immature fruit, is highly methyl esterified, and is the water insoluble "parent" 
pectic substance. Protopectin is transformed into the less methylated pectinic acid 
(oxalate soluble pectin) which is subsequently transformed into pectic acid (water soluble 
pectin; Marshall, 2005; Roth, 1977). This degradation results in the loss ofboth cell:cell 
adhes ion (middle lamella) and mechanical integrity (primary wall) as is apparent in fru it 
softening. Cell :cell separation is likely initiated at the junction of older cells where 
middle lamella degeneration is more advanced and results in the formation of 
intercellular spaces in which water and enzymes can interact with previously protected, 
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hydrophilic wall components (Farmer, 1889; Roth, 1977). These interactions of water 
and enzymes with wall components promote further primary wall disassembly as well as 
ce llular swelling caused by water entering cells through microfibrillar pores that formed 
during cell separation (Goulao & Oliveira, 2008). 
Non-enzymatically controlled pectin and hemicellulose wall modification has 
been investigated by Dumville and Fry (2003). They hypothesized that "endogenous 
ascorbate, released into the apoplast by membrane permeabilisation early in fruit 
ripening, could promote the solubilisation and depolymerisation of polysaccharides, and 
thus contribute to fruit softening" (p. 951 ). They found that released ascorbate increased 
during ripening in the peri carp, placenta, and locule of torpato fruit and that (in vitro) 
ascorbate in the presence of trace Cu2+ or H20 2 solubilized up to 40% of the total pectin 
from the alcohol-insoluble residue of mature green tomato fruit. This solubilisation was 
credited to the action of hydroxyl radicals generated by ascorbate which can cause non-
enzymic scission of polysaccharides. They suggested that an increase in apoplastic Cu2+ 
and ascorbate during ripening would result in elevated -oH production which would then 
cause non-enzymic scission of pectins. Fry, Dum ville, and Miller (200 1) investigated the 
hydroxyl radical-related non-enzymic scission of ripening pear fruit cell walls (both 
pectin and hemicelluloses networks) and preliminarily found that progress ive OH radical 
attack on wall polysaccharides during the softening process was occurring. Jimenez et at. 
(2002) investigated several aspects of oxidative processes and components of the 
antioxidant system, including ascorbate, as related to tomato fruit ripening, and found an 
increase in both "the concentration and redox state of the ascorbate pool" (p. 756) 
throughout ripening and decreased ascorbate peroxidase activity at the end of ripening. 
They suggested a link between these phenomena and cell wall loosening and thus fruit 
softening. 
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Melon. Bennett (2002) found that the earliest event of cell wall disassembly 
during fruit ripening in 'Charentais ' melon was the depolymerization of hemicelluloses 
bound to the surface of cellulose. This change in hemicellulose structure was the only 
observed cell wall modification that correlated with early fruit softening. Expansin 
proteins have been linked with the disruption ofhydrogen bonds between hemicelluloses 
and celluloses. Bennett suggested that expansins may serve as the primary regulator in 
early cell wall disassembly. Late and over ripening of melon has been linked with the 
progressive disassembly of the pectin network (Bennett, 2002; Rose et at., 1998). 
Bennett reported that pectin solubilisation resulted from a loss of galactose (galactan side 
chains) and that this loss was followed by pectin depolymerization via 
endopolygalacturonase activity. Bennett credited this enzyme with "playing a major role 
in ripening associated depolymerization in all fruit" (p. 448) and not just melon. 
Tomato. One of the most well studied fruit for ripening and associated fruit 
softening is tomato, and tomato research has been used as the general pattern for ripening 
and softening in various fruit species. Ripening involves dissolution of middle lamella 
(pectin), degradation of primary wall (hemicelluloses and pectin), and occurrence, 
increase, and/or decrease of enzymatic activity. The order of involvement as well as 
enzymatic participation are the main areas of variation among fruit species. Crookes and 
Grierson ( 1983) suggest that early ripening and softening involves dissolution of middle 
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lamella, while primary wall degradation occurs during late ripening. Both middle lamella 
and primary wall modification occurred concurrently with the appearance and increase in 
polygalacturonase activity. Crookes and Grierson ( 1983) and Bennett (2002) suggested 
that in tomato fruit polygalacturonase is the major cell wall degrading enzyme. 
Apple and pear. Ben-Arie and Kislev (1979) looked at a slow softening fruit 
(apple) and a faster softening fruit (pear) for suggesting an order for softening processes. 
They found that cell wall alteration in apple was not apparent until advanced stages of 
ripening-related softening, and they attributed this to dissolution of middle lamella with 
little primary wall disintegration. Pears, however, followed the pattern of dissolution of 
middle lamella and gradual, but complete, disintegration. of the primary wall comparable 
to tomato. They also agreed with Bennett (2002) and Crookes and Grierson (1983) in 
suggesting that polygalacturonase was involved in wall degradation ofboth apple and 
pear, but they added that cellulase activity in pear might contribute to wall degradation 
and that other hydrolytic enzyme activity was probable (Ben-Arie & Kislev). 
Peach. Muramatsu et al. (2004) added to our understanding of fruit softening 
processes when they demonstrated that peach fruit softening paralleled melon fruit 
softening except that depolymerization of primary cell wall structure led to decreased 
tissue cohesion. Specifically, hemicellulose degradation occurred whi le pectin 
depolymerization was initially delayed and then proceeded concurrently. 
Grape. The description of ripening and softening processes of grape berries by 
Cabanne and Doneche (200 l ) exhibits many of the same ripening-related characteristics 
discussed by both Muramatsu et al. (2004) and Crookes and Grierson (1983), but 
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Cabanne and Doneche contribute novel information with their description of calcium 
involvement in these processes. Calcium is an important component in maintaining 
tissue rigidity because of its role in both inter- and intramolecular crosslinking of pectic 
substances, and it is this wall rigidity or stability that limits access of the wall degrading 
enzyme polygalacturonase to the calcium-pectin wall structure. Cabanne and Doneche 
suggest that decrease in calcium is required for pectin solubilisation and 
depolymerization and in tum for polygalcturonase degradation to occur. Herbaceous 
growth is accompanied by calcium accumulation which occurs until the onset of fruit 
ripening. Veraison (the onset of ripening) begins a gradual decrease in calcium levels 
and the appearance of polygalacturonase. Polygalacturonase is not present in herbaceous 
growth but continually increases during the berry ripening processes. Cabanne and 
Doneche suggest that polygalacturonase content correlates with berry maturity. Grape 
fruit ripening is also accompanied by an increase in soluble pectin, a decrease in the 
degree of esterification of pectic polysaccharides, and an increase in pectin 
methylesterase (PME) which is required for the above mentioned decreased 
esterification. PME activity increases until the onset of ripening and then decreases 
gradually until maturity thus having a positive correlation with calcium but a negative 
correlation with polygalacturonase (Cabanne & Doneche, 2001). 
Blueberry. Physiological processes of blueberry fruit ripening have commonly 
been described and correlated with the discrete color changes associated with ripening 
(Table l) but share many of the same characteristics described above. Proctor and Peng 
( 1989), in their study of blueberry maturation, found striking similarities between 
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blueberry and other fruit types with respect to cell wall degradation and loss of cell :cell 
adhesion via middle lamella. They surmised that total pectin content decreased during 
blueberry fruit maturation continuing until complete ripeness was achieved after which 
there was little change in pectin content. Woodruff, Dewey, and Sell ( 1959) stipulated 
that it was soluble pectin that decreased continuously during ripening and that thi s 
decrease was accompanied by an increase in pectinrnethylesterase activity. Proctor and 
Miesle ( 1991) evaluated the activities of polygalacturonase and pectinrnethylesterase in 
highbush blueberries and found that "peak pectinmethylesterase activity occurred in red 
berries and preceded peak polygalacturonase activity which was observed in blue-red 
fruit" (p. 579). The ripening stage distinguished by red fruit transitioning into blue-red 
fruit was accompanied by extensive softening along with changes in enzyme activity. 
The fruit at 70% its maximum fresh weight reached both "peak enzyme activities and 
maximum softening" (p. 579). 
Splitting in Other Fruit 
Splitting (cracking) is a problem mainly affecting soft, fleshy fruit in which the 
epidermis and sometimes pulp of a mature fruit tears apart. Splitting is more prevalent 
after a period of drought followed by high humidity, or in some fruit species, intense rain, 
relatively close to the time of harvest. Splitting has been investigated in many fruit types, 
but a comprehensive and robust hypothesis has not been developed. Three important 
species that have been a focus of splitting-related research are tomato, grape, and cherry. 
Splitting has also been observed in the blueberry crop of the southeastern United States, 
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but little research has been reported for this fruit. A variety of causes of splitting have 
been suggested, making a single cause unlikely. 
Tomato 
Susan Duke ( 1987) summarized the causes reported for tomato fruit splitting, 
compiling data from Frazier (1934), Frazier and Bowers (1947), and Kamimura (1977). 
Factors associated with increased incidence and severity of fruit cracking 
in tomatoes are: increased soil moisture; absorption of external moisture 
by corky spots on the fruit; increased humidity, especially in the early 
morning; decreased foliage; pruning; reduced shading of fruit and/or 
plants; older fruit; basal fruit in a cluster; low amounts of calcium; poor 
root development; low solids gradient from blossom to stem end of the 
fruit; and the presence of fission areas in the ovary walls. (p. 5) 
While Duke did not elaborate on the significance of all the factors she cited, she did 
suggest that rainfa ll and variation in soi l moisture appeared to have the greatest influence 
(Duke, 1987; Kamimura, 1977). 
Frazier ( 1934) and Palla is ( 1984) described specific causes for tomato fruit 
cracking. Frazier (1934) reported that the constancy of soil moisture is important in 
decreasing the likelihood of fruit splitting, noting that plants irrigated after a period of 
drought were more prone to splitting than those that had received constant moisture. 
Frazier also stated that decreased transpiration during rain is enough to cause fruit 
splitting. Pallais ( 1984) supported Frazier's conclusions stating that tomato fruit cracking 
increased with decreasing evapotranspiration and/or increasing soil moisture and further 
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suggested that fruit cracking was caused by rapid water uptake and its translocation to the 
fruit during the pink ripeness stage. Pallais evaluated the relationship between leaf area 
and fruit surface area and found that cracking was more severe when there was a decrease 
in the leaf-surface-to-fruit-surface ratio. 
Grape 
Meynhardt explored the effects of high relative humidity ( 1964b) and the cellular 
dimensions of subepidermal cells ( 1964a) as related to berry splitting in grapes. Research 
on relative humidity focused on only one cultivar, 'Queen of the vineyard. ' Meynhardt 
( 1964b) concluded that there was a positive correlation between relative humidity above 
95% during the night and splitting. " High relative humidity .combined with a gradient of 
osmotic values from cane to berry and a diurnal vascular pressure deficit minimum 
during the night, possibly contribute towards a disturbance of water balance in the vine, 
leading to berry splitting." (Meynhardt, p. 179). A gradient of increasing osmotic values 
was found between the cane and the berry as well as between the basal and the apical part 
of the berry (Meynhardt). Turning to the research on subepidermal cells which focused 
on several cultivars, Meynhardt (1964a) explained that "not all cultivars are susceptible 
to splitting under periods of high relative humidity indicating that environmental factors 
cannot be the sole reason for splitting" (p.707). Meynhardt used a histological study of 
the grape to explore other possible (non-environmental) factors that might cause splitting 
and this was reported in the subepidermal cell publication. Meynhardt' s histological 
study revealed that the larger longitudinal and radial cell dimension ratios of 
subepidermal cells correlated with a highly split-resistant cultivar. Meynhardt explained 
27 
that differences in time of ripening, cultivation practices, soils, climatic condition during 
maturation, and locality may influence the ratios to the point that some cultivars could 
migrate between resistant or susceptible groups. Other conclusions reached (Meynhardt) 
were that subepidermal cells of split resistant cultivars have enhanced cell wall elasticity 
during berry size increases, tissue of resistant cultivars have more subepidermal cell 
layers (longitudinal cell walls) than susceptible cultivars, and that both the subepidermal 
cell dimension ratio and the number of subepidermal cell layers may contribute to berry 
resistance or susceptibility. 
Duke ( 1987) evaluated several factors that may be associated with fru it cracking 
in grapes. She concluded that thickness of exocarp layers was not a factor in fruit 
cracking, but she did see distinct differences in thickness among cultivars. 
Strength/elasticity was studied and revealed varying degrees of strength among grape 
clones and that a negative correlation ex isted between strength and split susceptibility. 
She also concluded that soluble solids content was positively correlated to fruit cracking 
and so was berry size. Both Meynhardt and Duke concluded that several factors, both 
environmental and morphological, contribute to fruit splitting in grape, thus agreeing 
with much of the tomato research already discussed. 
Cherry 
Cherry researchers, similar to those of grape and tomato researchers, have 
concluded that many factors contribute to fruit splitting ranging from environmental 
conditions to individual fruit characteristics. Sekse ( 1995) reported that cracking of 
sweet cherries occurred during the last few weeks prior to harvest (similar to tomato and 
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grape) but added that rain settling on the fruit surface caused the fruit to crack and 
suggested that water penetrates the fruit epidermis because of the difference in osmotic 
potential between the rain water and the fruit sap. Turgor pressure building within the 
fruit cortex was the driving force in cherry fruit cracking, but it was water penetrating the 
fruit surface, disrupting the cuticle and epidermal cells that allowed cracking to proceed 
outward through the fruit skin. Fruit with strongly bound epidermal cells and/or cells 
which have a high amount of wall elasticity may be less likely to split according to 
Webster and Cline (1994). Two key morphological features associated with cracking are 
the water conducting tissue (supplying water to the fruit) and the cuticle (limiting water 
translocation into and out of the fruit) (Sekse, 1998). Behnans and Keulemans (1996) 
also suggested that cracking was related to water uptake through the fruit epidermis and 
further specified that it could be the rate and/or quantity of this water uptake that affected 
split-susceptibility by linking water absorption with thickness of the cuticle and the 
number of stomata of a specific fruit or cultivar. Lane et al. (2000) concluded that the 
water uptake threshold at which fruit cracked could explain differences in cultivar split-
susceptibility and attributed splitting to volume increase:water uptake or to cultivar 
differences in the amount of cell adhesion but conceded that more research was needed to 
reach any definitive conclusions. Lane et al., contrary to Belmans and Keulemans, did 
not find a correlation between thickness of cuticle and cracking susceptibility. 
Christensen (1972) concluded that cuticular composition did not affect cracking 
susceptibility but did find that the size of stomata on the fruit skin was positively 
correlated with water absorption and thus cracking, and further stipulated that stomatal 
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size likely contributed to splitting susceptibility. Webster and Cline (1994) referenced 
Belgian researchers (no citation) who found that varieties with thick cuticles and a 
" relatively" small number of fruit stomata were less susceptible to cracking than fruit 
with thick cuticles and larger stomatal numbers, and that varieties with thinner cuticles 
could not absorb as much water in total before splitting than thicker cuticled varieties. 
Andersen and Richardson (1982) concluded that cracking "was not strictly related to 
percent soluble solids, osmotic, turgor, or fruit water potential and suggested the degree 
of cuticular permeability, cuticular strength, cell wall strength or other factors may be of 
greater importance in determining cracking susceptibility" (p. 441 ). 
Sekse ( 1995) also suggested a large but indirect role of the root system in 
cracking. Cuticle fractures cannot be seen by the naked eye but cause weakened areas on 
the fruit surface where the cuticle is disrupted. Fruits with cuticular fractures easily 
absorb surface water and thus crack easily. Sekse (1995) proposed that water supplied 
through the root system is important in cuticular fracture formation because of the 
irregular cell expansion and corresponding fruit growth caused by the irregular water 
supply from the soil. This expansion and growth is potentially more than what the fruit 
cuticle can keep up with thus causing cuticular fracturing indirectly linking the root 
system with fruit cracking (Sekse, 1995). 
Verner and Blodgett ( 193 1) presented a report concerning "primarily the type of 
cracking caused by an intake of water through the skin ofthe fruit, since in their 
experiments no instance was observed in which cracking could be definitely attributed to 
soil moisture conditions" (p. 4). They only observed cracking when the fru it was 
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submerged in water or fruit on the tree experienced rain. Fruit on trees whose branches 
were partially covered experienced cracking only on the uncovered branches. Borve and 
Meland ( L 998) covered cherry trees with laminated polyethylene sheets and found that 
this reduced the number of cracked fruit significantly, thus corroborating the 193 I study 
of Verner and Blodgett. Verner and Blodgett credited a combination of both direct and 
indirect causes to explain cracking: cherries at full turgor were prone to splitting while 
cherries at reduced turgor were more likely to resist cracking, laboratory tests in which 
cherries were submerged in water while the temperature around them was increased had 
an increased probability of cracking, a lower rate of skin permeability corresponded with 
split-resistance, transpiration rate was directly affected by temperature, wind, and 
humidity which indirectly affected splitting tendencies because of the interrelatedness of 
turgor, transpiration rate, and splitting, and finally varietal susceptibility (higher sap 
concentrations and peak time of ripeness) and time of picking ["each day's delay after the 
cherries reached a stage where they can be picked without too great sacrifice in tonnage 
or quality increases the hazard of damage by rain" (p. 13)] as related to fruit maturation 
indirectly affected splitting likelihood (Verner and Blodgett, L 931 ). 
Webster and Cline (1994) uniquely evaluated cherry cracking at the tree level. 
Some cracking may be caused and all cracking made worse by high water 
levels in the rest of the tree and high humidity surrounding the tree. Loss 
of water by the fruit by movement through the fruit stalk back into the tree 
is not thought to be possible once fruits approach maturity and the only 
way ripening fruit can lose excess water is by transpiration through the 
31 
skin. Conditions which reduce the fruit's ability to transpire, such as high 
humidity and minimal air movement within the tree canopy are likely to 
increase the incidence of cracking following rain. (p. 14) 
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CHAPTER Ill 
MA TERlALS AND METHODS 
Collection 
Split-resistant (SR) and split-susceptible (SS) blueberry fruit were harvested from 
USDA-ARS Small Fruit Research Station field plots in Stone and Pearl River counties, 
Mississippi. Five cultivars, collected at various times, included three rabbiteye and two 
southern highbush types (Table 2) and at various ripeness stages (Table I). 
Table 2 
Cultivars Studied with Key Descriptors 
Cultivar 
Magnolia 
Montgomery 
Pearl River 
Premier 
Tifblue 
Type 
Southern highbush 
Rabbiteye 
Southern highbush 
Rabbiteye 
Rabbiteye 
Split-resistant/ 
split-susceptible 
Split-resistant 
Split-resistant 
Split-susceptible 
Split-resistant 
Split-susceptible 
Fixation, Infiltration, and Embedding 
Developmental 
Study 
Completed 
Completed 
Blueberry fruit were fixed in Bouin's solution (Berlyn & Miksche, 1976, p. 3 1) 
from the field (not more than three days), then placed under vacuum (ca. -40 kPa) in the 
laboratory until fruit were degassed, i.e., no bubbles were coming from the tissue. Fruit 
were dehydrated, still in vacuuo, through a graded ethanol series (30-100%) with 
temporary storage of tissue at 70% if embedding could not proceed immediately (Ruzin, 
1999). Both whole and bisected fruit were fixed and dehydrated, then embedded in 
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paraffin following the procedure described in the appendix with tissue being embedded in 
a mold using a Reichert-Jung Tissue Embedding Center model 8040 (Cambridge 
Instruments, Buffalo). The embedded fruit were refrigerated until sectioning could be 
completed. 
Sectioning, Slide Preparation, and Staining 
Paraffin-embedded fruit were sectioned using an AO model 820 rotary microtome 
(American Optical Corporation; Buffalo, NY) set to - 10-12 Jlm. Sections were floated 
onto 35 °C water (for at least one minute), then picked up with a microscope slide and 
placed on a 35 °C slide wanner overnight. Slides were processed and stored at room 
temperature. Several stains were evaluated for their usefulness in highlighting key 
anatomical characteristics, but safranin/fast green gave the best general results. 
Johansen's Plant Microtechnique ( 1940) and Berlyn and Miksche's Botanical 
Microtechnique and Cytochemistry ( 1976) provided base information for both stain 
preparation as well as processing techniques for all investigated stains. The stain recipes, 
as well as procedures followed, are detailed in the appendix. 
Qualitative Analysis 
Light Microscopy 
Cell wall, lignification, vascularization, intercellular voids, and intercellular, 
mucilage filled spaces are some of the characteristics that commanded attention in this 
project. Three stains were evaluated for their usefulness: hematoxylin/eosin, triple stain, 
and safranin/fast green. Hematoxylin/eosin was readily available and is widely used, but 
it fai led to produce the adequate contrast for tissue observations. The triple stain is a 
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vibrant stain, producing great contrast among blueberry fruit components, but several 
issues in stain preparation along with the time-intensive staining procedure made this 
stain unsatisfactory. Safranin/fast green stain produced brilliant contrast, was technically 
easy to make, and the staining procedure was relatively simple, allowing observation of 
all anatomical characters of interest. 
An Olympus SZ-PT/SZ-40 (Melville, NY) dissecting microscope set at 2.5 x 
0.67- 1.2 magnification as well as an Olympus BH-2 (Melville, NY) compound light 
microscope with varying magnifications of 2.5 x 4, 10, 20, and 40 were used to 
investigate fruit tissue. Both microscopes had an attached digital camera with direct feed 
to a computer using BioQuant 98 (R&M Biometrics, Inc.; Nashville, TN) image capture 
hardware and software. A digital picture library was created for individual cultivars at 
various stages of development and at varying magnification. The photographs focused 
on different areas of interest within the fruit. 
Transmission Electron Microscopy 
Cell wall detail was observed using a Zeiss EM 109-T transmission electron 
microscope. Fruit was fixed in cacodylate buffered 2% glutaraldehyde (pH 7.0), 
dehydrated in ethanol and acetone, embedded in epoxy plastic (ERL-4221 ), sectioned 
using a Porter-Blum MT-2B ultramicrotome (Ivan Sorvalllnc.; Newtown, CT) set to 
- 100 nm, and stained with lead citrate and uranyl acetate ( 10 min. each with a brief water 
rinse after each stain). 
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Quantitative Analysis: Apoplast/Symplast 
My hypothesis that fruit splitting was caused by weakened walls and airs spaces, 
i.e., apoplast phenomenon, was addressed by quantitative analysis of apoplast/syrnplast 
ratios across the various SR and SS cultivars. This study was restricted to ripeness stage 
6 (blue; Table 1 ). Attachment ends and floral ends of the fruit of various cultivars were 
analyzed separately. 
Creating and Processing Mosaics 
Between 80 and 240, 2.5 x 1 Ox photographs were taken of each attachment and 
floral end section to be analyzed in order to achieve minimum resolution requ ired for 
analysis. Individual photograph sets were assembled into a. complete cross-section 
mosaic (Figure 2A). Epidermis and vascular center were removed electronically. 
Mosaics of the remaining mesocarp were electronically enhanced for contrast to 
exaggerate the di stinction between apoplast and symplast. Apoplast was colored green 
and symplast colored red using user defined parameters for subsequent image analysis 
(Figure 28 ; Corel Photo Paint X4, Corel Corporation, Ottawa). 
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Figure 2. Example images (before and after enhancement) of cross-section mosaics 
assembled from individual photographs. (A) Before enhancement and (B) after red/green 
colorization for analysis of apoplast (green) and symplast (red). 
Analyzing Mosaics 
Each colorized mesocarp was analyzed for total number of red and total number 
of green pixels to establish the ratio of apoplast to symplast (Image Pro Plus 7.0, Media 
Cybernetics, Bethesda) and organized for statistical analysis. Pixels were used instead of 
metric units because the analysis ultimately involved the ratio of apoplast to symplast. 
The original pixel measurements suffice for that usage. The ratio of apoplast to symplast 
was compared among the five cultivars (3-4 replicates each) after normality and equal 
variance were verified. A one way analysis of variance (ANOV A) was used with a 
Tukey-Kramer HSD following to separate means via the least significant difference 
(LSD; JMP, SAS Institute, Inc., Cary, NC). An alpha of0.05 was used for all tests. Four 
separate hypotheses were evaluated for a significant difference in apoplast:symplast ratio: 
(a) among the five cultivars, (b) between SS and SR cultivars, (c) between tops and 
37 
bottoms of either SS and/or SR fruit, and (d) among either the tops and/or bottoms of the 
five cultivar fruits. 
CHAPTER IV 
RESULTS 
Developmental Morphology 
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An investigation of blueberry fruit anatomy for SR and SS fruit was anticipated to 
support my hypothesis that SS cultivars are characterized by weakened walls and airs 
spaces. Surprisingly few developmental studies of blueberry fiuit have been published 
with the most comprehensive coming from Bell and Giffin ( 1957), so a study, more 
comprehensive than initially planned, was undertaken. This study is reported here pro 
parte as a generic study of blueberry fiuit development and selected portions are used 
below to support my fruit splitting hypothesis. 
Complete series for the cultivars ' Premier' and 'Tifblue' were studied to establish 
a pattern of developmental continuity from anthesis to mature fruit (Table 2; Figures 3 
and 4). All developmental stages of 'Premier,' 'Tifblue,' 'Montgomery,' 'Magnolia,' and 
' Pearl River' were studied. 'Premier' and ' Tifblue' were selected as representative 
samples, because no significant variation in fruit maturation existed among the six 
cultivars. The developmental study is presented as a series of cross and longitudinal 
sections representing different stages of fruit ripeness (Table 1 ). Flowers are presented in 
longitudinal section to show perianth and carpel relationships; fruit are presented in cross 
section to show carpel and vascular arrangements that are orthogonal to the plane of the 
section (Figures 3 and 4). Choosing fruit from each named ripeness stage, coupled with 
the floral longitudinal section allows the reader to fo llow the progression of events from 
anthesis to maturation. 
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Both ' Premier' and 'Tifblue' flowers were perfect with sepals, petals, stamens, 
and pistil. The floral parts attach above the ovary which is definitive of an inferior ovary, 
and since the fruit is epigynous, the blueberry cannot be a true berry. The 'Premier' 
flower shown in Figures 3 and 5 is more mature than the 'Tifblue ' flower (Figures 4 and 
5) in having an open floral tip and an ovary with locules visible and containing ovules. 
The black lines in Figure 5 indicate the approximate location of the cross section image 
in Figure 6. Figure 6 is slightly tilted in cross section allowing for a clear distinction 
between receptacular tissue and ovarian tissue. Three epidermises are obvious at the top 
of the fruit: the outer receptacular, inner receptacular, and ovarian. The area where the 
ovary tissue and the receptacular tissue come together still.shows a seam where the 
epidermises have fused. The seam is more obvious at the top of the fruit than at the base 
where the inner epidermises have lost their autonomy (Figure 6). 
lmmature green fruit still have a distinction between ovarian and receptacular 
tissue as was seen in the flower. The fruit begins to enlarge along with the locules with 
their clearly visible, developing seeds. Mature green fruit are larger and lighter in color 
than lG with the lighter green of the calyx now developing sparse pink coloration. The 
size difference between MG and IG fruit is dependent on cultivar and environmental 
variation. A dissection ofMG fruit exposes mostly white, immature seeds but a few may 
have already begun to mature with a light brown coloration. Subepidermal layers 
become distinguishable during the MG stage (Figure 7). The main differences between 
the remaining ripeness stages, GP through B, are the size of the fruit which generally 
increases until ripe, the fruit firmness which decreases during maturation with the 
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majority of the softening occurring during BP and B stages, and a change in color going 
from light green to pink to dark pink and then finally to blue. The area of fusion between 
the flower receptacle and exocarp can be seen well into ripeness as shown in Figure 8, a 
GP fruit. The darkening of the fruit epidermis is a result of increased anthocyanin 
concentration which may also occur in subepidermal layers. Gaps between epidermal 
and subepidermal layers may develop during maturation increasing in frequency and size 
into to full ripeness and over ripeness (Figures 3 and 4). The epidermaVsubepidermal 
layers appear thinner, probably due to epidermal stretching, by blue ripeness stage, and 
anthocyanins may now be present within the outer mesocarp cells (Figures 3, 4, and 9). 
Mesocarp cells increase in size during development, bec;;oming more irregular in outline 
and with larger voids between them. Lntercellular voids become apparent as early on as 
GP stage, but become more pronounced at BP and B stages. The voids may be filled 
with muci lage or air and may be close to the epidermis or deep within the mesocarp 
(Figures 3, 4, and 9). 
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Figure ].Developmental series of 'Premier' from flower to blue (ripe) fruit. The ripeness 
stage images were studied to establish a pattern of developmental continuity from 
anthesis to mature fruit. No significant variation in fruit maturation existed among the 
five cultivars. ' Premier' served as one of two examples for developmental studies that are 
presented as a series of cross (fruit) and longitudinal (flower) sections. Choosing fruit 
from each named ripeness stage, coupled with the floral longitudinal section allowed 
observation of progression from an thesis to maturation. 
Figure 4. Developmental series of 'Tifblue' from flower to blue (ripe) fruit. 'Tifblue ' 
serves as a second example for the developmental study. 
Figure 5. Longitudinal section through 'Tifblue ' and ' Premier' flowers. (A) ' Tifblue' 
without immature seeds and (B) 'Premier' with immature seeds. Magnification 4 x 2.5. 
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Receptacle 
Figure 6. Cross-section of 'Pearl River.' Floral receptacle and ovary with three 
epidermises shown (receptacle outer epidermis, receptacle inner epidermis, and ovary 
epidermis) and a fusion area where ovary and receptacle combine. Magnification 4 x 2.5. 
Figure 7. Distinguishable subepidermal layers of a mature green 'Montgomery' fruit. 
Anthocyanins make 2-3 subepidermal layers and the epidermal layer easily observable. 
A space between two of the subepidermal layers is also visible. Magnification 4 x 2.5 . 
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Figure 8. Receptacle/exocarp fusion area in green-pink ' Premier' fruit. The area of 
fusion between the flower receptacle and exocarp can be seen well into ripeness as seen 
here in a green-pink fruit. Magnification 10 x 2.5. 
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Figure 9. A contrast between cellular organization of the flora l/immature green ovary 
and blue (ripe) fruit. (A) Tightly packed cells of ' Pearl River' flower/ immature green 
fruit and (B) intercellular voids both mucilaginous and air filled in 'Tifblue' blue (ripe) 
fruit. Mesocarp cells increase in size during development, becoming more irregular in 
outline and with larger voids between them. Intercellular voids become apparent as early 
on as green-pink ripeness stage, but become more pronounced at blue-pink and blue 
stages. Magnification 10 x 2.5. 
Special Features 
Epidermal/Subepidermal Variations 
Anthocyanins were restricted in the epidermis of some fruit (Figure lOA) and in 
others they were distributed well into subepidermal layers and outer mesocarp cells 
(Figure I OB). Epidermal organization also varied from highly regular (Figure lOA) to 
disorganized (Figure lOB). The variation in anthocyanin distribution and epidermal 
organization did not appear cultivar related but did seem to vary with the area from which 
the section was taken from the frui t. Stage of maturation and environmental conditions 
confound identification of cultivar differences. 
Figure 10. 
relatively disorganized epidermis, subepiderrnis, and outer mesocarp ce lls in 'Tifblue' 
fruit. Magnification 10 x 2.5. 
Stone Cells 
Stone cells were observed in all cultivars and varied in frequency and location. 
Stone cells were documented as early as MG ripeness stage (Figure 11 ) and were 
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observed through maturation (Figures 12). Stone cell distributions were observed close 
to the epidermis, toward the vascular center, and randomly within the mesocarp (Figure 
12). They occurred singularly and in groups of2-3 although larger groups were 
suspected extending out of the observable section (Figure 13 and 148). A clear 
relationship between stone cell distribution and frequency and between cultivar, ripeness 
stage, and/or location within the fruit was not found. Stone cell number and distribution 
is dependent on the location of the section. Two 'Tifblue' B sections taken from the 
floral attachment end of the fruit are representative of the variations that were observed 
(F igure 14). Section C was located closer to the floral end than A, and image B is a 
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magnified portion from A. A larger number of stone cells is clearly present in A, but 
both A and B have the majority of their stone cells located toward the center of the fruit 
with several close to the epidermis (obvious in B). There is an area in both sections 
within the outer mesocarp cells where few stone cells are present (also obvious in B). 
Figure I I . 'Premier' mature green fruit with stone cells. Stone cells appeared as early as 
mature green ripeness and continued throughout maturation. Magnification lOx 2.5. 
Figure 12. Stone cell locations in ripe fruit varying from mesocarp to epidermis. (A) 
'Magnolia,' stone cells are visible toward epidermis; (B) 'Pearl River,' toward center; 
and (C) 'Montgomery,' throughout mesocarp. Magnification 10 x 2.5. 
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Figure 13. individual stone cells (solid arrow) and clusters (dashed arrow) in ' Premier' 
blue fruit. Magnification 10 x 2.5. 
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Figure 14. ' Tifblue' fruit with differences in stone cell frequency and slight variations in 
location. (A) and (C) are different locations within the same fruit showing differences in 
stone cell frequency and location. (B) is an enlarged area of (A). Magnification 10 x 2.5. 
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Transmission Electron Microscopy 
Transmission electron micrographs are included to show details of fruit 
parenchyma cell walls, but this level of organization was not considered as important to 
supporting my hypothesis concerning fruit splitting (a tissue level phenomenon; Figure 
15). 
Figure 15. Transmission electron micrograph highlighting several parenchyma cell 
details. Black arrows point to lipids, red arrows indicate differences in ce ll wall 
thickness, green arrows delimit middle lamella, V marks vacuole, and P marks plastids. 
Splitting of Fruit 
Morphology and Anatomy 
Fruit splitting can occur at the end of the fruit which attaches to the plant 
(attachment end or bottom, Figure 168), the end of the fruit to which the floral parts 
attach (floral end or top, Figure 16A), and in the middle of a blueberry and can range in 
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size from a minute microcrack (Figure 178) to a relatively large rupture (Figure 170 ). 
Splitting is more likely to occur at the attachment end of the fruit according to 
unpublished research by D.A. Marshall (personal communication, 2010). 
Figure 16. Visual definition of the flora l end and attachment end of a blueberry fruit. 
(A) Floral end of the blueberry fruit (the end where the flower is connected to the ovary) 
and (B) attachment end of the fruit (where the fruit is attached to the plant). 
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Figure 17. Splits occurring in var1ous locations including the attachment end, floral end, 
and the side of the fruit. (A) Split on the side of the fruit with medium damage, (B) 
miniscule split at the attachment end, (C) split at floral end with medium damage, and 
(D) split at the floral end with a large damaged area ( cf. B). 
Several anatomical characteristics that may be associated with fru it splitting were 
identified dur1ng this project and include: the presence of lacunae, callose formation on 
the tissue surface where a split has occurred, and unbroken cells lining the inside of a 
fruit fissure . Lacunae appeared mucilaginous filled or empty (Figure 18) with a 
continuum existing between the two (Figure 19). Lacunae occurred in both split and non-
split blueberry fruit with split fruit containing primarily empty lacunae (Figure 21) and 
non-split fruit containing both mucilaginous and empty lacunae (Figure 18). Lacunae 
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locations vary from the inner wall of the epidermis (Figure 18), sometimes dividing 
epidermal and subepidermal layers (Figure 20), to the mesocarp extending toward the 
center of the fruit (Figure 18). 
Figure 18. Mucilaginous (dashed arrows) and visually empty lacunae (solid arrows) 
extending from inner mesocarp to epidermis of' Pearl River' ripe fruit. Magnification I 0 
X 2.5. 
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Figure 19. Continuum of mucilage degradation across lacunae. 
Figure 20. Lacunae dividing epidermal and subepidermal layers as well as outer 
mesocarp cells. Mucilaginous filled lacuna separating epidermis and subepidermal layers 
(A) and mesocarp cells split apart at a mucilaginous-filled lacuna (B). ' Premier' fruit at 
10 x 2.5 magnification. 
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Figure 21. Callose (solid arrows) lined split with empty lacunae (dashed arrows) visible 
close to the split area. 'Premier' blue (ripe) fruit at 4 x 2.5 magnification. 
Figure 22. Unbroken cells lining a split in 'Tifblue ' blue fruit. The unbroken cells (solid 
arrows) provide evidence that splits are caused by cells separating from one another and 
not from cells bursting. Magnification 4 x 2.5. 
Quantitative Analysis 
Cultivar differences in apoplast:symplast ratios. My initial hypothesis was that 
there would be a significant difference in apoplast to symplast ratios (A:S ratios) among 
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different cultivars of blueberry fruit with a secondary hypothesis being that SR cultivars 
and SS cultivars would have significantly different A:S ratios. Mean A:S ratios were not 
equal among the five cultivars (F 4,28 = 3.61 , p < 0.0171 , a = 0.05; 'Magnolia,' 
' Montgomery,' ' Pearl River,' 'Premier,' and 'Tifblue'). ' Pearl River ' had the largest A:S 
ratio and was significantly larger than 'Magnolia' and 'Montgomery' but not 
significantly larger than 'Premier' and 'Tifblue' (LSD = 2.913). This statistical test did 
not support the distinction of SR and SS groupings, so secondary hypothesis was tested 
(Figure 23). 
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Figure 23. Oneway analysis of apop last to symplast ratio by cultivar. The split-res istant 
cultivars (' Magnolia,' 'Montgomery,' and ' Premier') and split-susceptible cultivars 
(' Pearl River ' and 'Tifblue') did not divide out into two groups based on significant 
difference in A:S ratios (F 4,28 = 3.6 1, p < 0.0 17 1, a = 0.05; LSD = 2.913). (PR = 'Pearl 
River'). 
Split-resistant and split-susceptible cultivars differences in apoplast:symplast 
ratios. A cultivar difference between blueberry fruit that were susceptible to splitting and 
those that were resistant had been observed in fie ld studies. A statistical test was chosen 
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to evaluate field observations as well as compare mean A:S ratios between SS and SR 
cultivars. SR cultivar mean A:S ratios were significantly lower than that of SS cultivar 
ratios (F 1,3 1 = 9.1003, p < 0.0051 , LSD = 2.04, a = 0.05) supporting both the field 
observations of cultivar specific splitting tendencies and the hypothesis that SR cultivars 
and SS cultivars would have significantly different A:S ratios (Figure 24). The 
unexplained ratio differences among cultivars, evidence of a significant relationship 
between A:S ratio and splitting tendencies, and laboratory observations of floral versus 
attachment end differences in A:S ratios all combined led to the next statistical test. 
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Figure 24. Oneway analysis of apoplast to symplast ratio by susceptibility level. Split-
resistant (SR) cultivar mean A:S ratios significantly lower than that of split-susceptible 
(SS) cultivar ratios is consistent with field observations of cultivar specific splitting 
tendencies as well as the hypothesis that SR and SS cultivars would have significantly 
different A:S ratios (F 1,31 = 9.1003, p < 0.0051 , LSD = 2.04, a= 0.05). 
Floral and attachment end apoplast:symplast ratio comparisons: split-resistant 
cultivars and split-susceptible cultivars. The floral/top end mean A:S ratio is 
significantly larger than the attachment/bottom end ratio within the three SR cultivars 
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(F 1,17 = 39.1, p < 0.0001, LSD = 2.11, a= 0.05) supporting laboratory observation of this 
same difference (Figure 25). The same statistical test, but this time applied to the SS 
cultivars, indicated no significant difference between the top and bottom mean A:S ratios 
(F1 ,12= 2.81 , p < 0.1194, LSD = 2.18, a = 0.05; Figure 26). Splitting commonly has been 
observed in the field to occur at the bottom or attachment end of the fruit, and it is this 
observation that might explain the differences between SS and SR cultivars as related to 
the A:S ratio differences top versus bottom. 
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Figure 25. Oneway analysis of apoplast to symplast ratio by ovary position within split-
resistant cultivars. Among split-resistant cultivars, the floraVtop end mean A:S ratio is 
significantly larger than the attachment/bottom end ratio (F1,17 = 39.1, p < 0.0001 , LSD = 
2.11, a = 0.05). 
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Figure 26. Oneway analysis of apoplast to symplast ratio by ovary position within split-
susceptible cultivars. Among split-susceptible cultivars, the floral/top mean A:S ratio 
was not significantly different from the attachment/bottom mean A:S ratios (F 1,12 = 2.81 , 
p < 0.1194, LSD = 2.18, a= 0.05). 
Cultivar differences in apoplast:symplast ratios: Attachment/bottom end and 
top/floral end. Data were reorganized to compare mean A:S ratios of the five cultivars 
with top and bottom ends being evaluated separately. A significant difference, in the 
bottom end only, among mean A:S ratios ofthe five cultivars was found (F 4,11 = ll.07, p 
< 0.0008, a = 0.05). ' Pearl River' and ' Tifblue,' both SS, had significantly larger A:S 
ratios than ' Magnolia,' 'Montgomery,' and 'Premier,' the SR cultivars (LSD = 3.23; 
Figure 27). The differences and similarities among cultivar ratios allowed the cultivars to 
be grouped into SR and SS categories which supports the initial and secondary 
hypothesis that there would be a significant difference in A:S ratios among different 
cultivars of blueberry fruit and secondari ly that SR cultivars and SS cultivars would have 
significantly different A:S ratios. Comparison of the five cultivars, looking at the A:S 
ratios ofthe top portion of the fruit only, indicated that 'Magnolia,' 'Montgomery,' and 
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' Premier,' the SR cultivars, were not significantly different from ' Pearl River' or 
'Tifblue,' the SS cultivars, but 'Pearl River' and ' Tifblue' were significantly different 
from one another with ' Pearl River' having the largest mean A:S ratio and 'Tifblue' the 
lowest (F 4,12 = 5.23, p < 0.0113, LSD = 3.19, a = 0.05; Figure 28). A summary of 
statistical results from the four tests is compi led in Figure 29. 
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Figure 27. Oneway analysis of apoplast to symplast ratio by cultivar within attachment 
end of fruit. A significant difference existed among mean apoplast to symplast ratios of 
the five cultivars (F 4,11 = 11.07, p < 0.0008, a = 0.05). The two spli t-susceptible (SS) 
cultivars, ' Pearl River ' and 'Tifblue,' had significantly larger apoplast to symplast ratios 
than 'Magnolia,' ' Montgomery,' and ' Premier,' the split-resistant (SR) cultivars (LSD = 
3.23). The cultivars are statistically and visibly grouped into SR and SS categories. 
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Figure 28. Oneway analysis of apoplast to symplast ratio by cultivar within floral end of 
fruit. A significant difference did not exist among mean apoplast to symplast ratios of the 
five cultivars (F 4, 12 = 5.23, p < 0.0113, LSD = 3.19, a ~ 0.05). 'Magnolia,' 
'Montgomery,' and 'Premier,' the split-resistant cultivars, were not significantly different 
from ' Pearl River' or ' Tifblue,' the split-susceptible cultivars, but 'Pearl River' and 
'Tifblue' were significantly different from one another with 'Pearl River' having the 
largest mean apoplast to symplast ratio and ' Tifblue' having the lowest. 
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Figure 29. Cultivar comparison of apoplast to symplast, sub-divided into bottom/top 
categories, and highlighting split-susceptible and split-resistant cultivars. The graph (top) 
of the bottom/attachment end of the fruit ratio comparison shows that the split-susceptible 
and split-resistant cultivars segregate into two separate groups while the graph (bottom) 
of the top/floral end shows ' Pearl River' as having the largest ratio and 'Tifblue' having 
the lowest. Blue squares =split-resistant cultivars, red stars =split-susceptible cultivars. 
CHAPTER V 
DISCUSSION 
Developmental Morphology 
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A general study of blueberry fruit development was conducted to provide an 
adequate background for a more focused study on blueberry fruit splitting. Splitting is 
probably caused by multiple morphological, physiological, and environmental factors, so 
studying the splitting phenomenon requires an understanding of fruit tissue morphology, 
cellular anatomy, and developmental processes. The starting point for this developmental 
study was the vascular tissue study of Bell and Griffin ( 1957), combined with a study of 
stone cells by Yarborough and Morrow ( 1946) and some ,general information about 
enzyme activity in ripe fruit. Bell and Griffin (1957) determined that studying the floral 
anatomy at anthesis was sufficient for describing the vascular pattern of blueberry fruit. 
This important observation obviated the technically difficult task of processing fruit with 
developing seeds, woody placenta, and a stony endocarp. Floral ovary is easiest to section 
and largely proved adequate for much of this study. Techniques were developed for 
specific details of later stages of development such as observations of stone cells, 
lacunae, miscellaneous cellular attachments, and degenerating tissue. 
Developmental schemes of epidermal color (Table 1) correlate with a liberal 
range of variation to internal development of the fruit, but color is still a useful starting 
point. A developmental study from anthesis to fruit maturity was completed on 'Tifblue' 
and 'Premier' with additional observations across all developmental stages of 
'Magnolia,' 'Montgomery,' and 'Pearl River' to allow generalizations about these 
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cultivars. The most dynamic morphological/anatomical change reported here is the 
development of the floral cup between flower and mature green stages which impact fruit 
nomenclature. The changes reported here, which occurred from mature green stage 
though blue ripeness, were in patterns of epidermal organization and anthocyanin 
concentration. Variation included patterns of stone cell and anthocyanin di stribution. 
Receptacular vs. Appendicular Development of the Blueberry Fruit 
Blueberry fruit follows epigynous development, so we expect to find two distinct 
cellular regions representing the receptacle and maturing ovary wall of the developing 
fruit. These two regions were readily observed in floral and immature green fruit images 
and were at least apparent in more mature ripeness stage~. The outer area which 
comprises an external epidermis, subepidermal layers, and some cortex is apparently an 
extension of the receptacle around the ovary. The inner area which comprises inner 
epidermis (at certain immature stages), mesocarp, and locules and their components 
appears to be the true ovary. Blueberry fruit development seems to be explained by the 
receptacular theory of ontological origins as opposed to the appendicular theory (Roth, 
1977), since the blueberry fruit is composed of both receptacle and ovary. The 
receptacular theory posits that the floral cup is derived from tissue of the receptacle; the 
appendicular theory posits that the floral cup is derived from the fused elements of the 
perianth. The perianth is still present during early development when the floral cup is 
obvious, so the two units are separate tissues. All floral parts above the ovary abscised 
before blueberry fruit ripens except for the calyx which, although part of the fruit, only 
plays a minor role in fruit structure. The exocarp epidermis and both the inner and outer 
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receptacle epidermises are distinct at the calyx end of the fruit. These epidermises lose 
their autonomy, but the cortex and mesocarp retain distinct tissue layers, from the area 
just behind the calyx to the base of the fruit. This distinction is gradually lost as the fruit 
reaches maturation with the cortex blending imperceptibly into the mesocarp, and the 
receptacle epidermis continuing to function as the epidermis of the fruit. 
True vs. False Berry 
Blueberry fruit receptacle functions as an accessory tissue. There is some 
discrepancy in literature where some authorities refer to the blueberry as a true berry 
while others refer to it as a false berry or an accessory fruit. True berries are derived 
from superior ovaries according to Reiger (2006), but the blueberry fruit is berry-like but 
is derived from an inferior ovary making it epigynous, a false berry, and an accessory 
fruit. Wikipedia had a concise and descriptive definition of an accessory fruit in which it 
states that "an accessory fruit (sometimes calledfalsefruit, spurious fruit , or pseudocarp) 
is a fruit in which some of the flesh is derived not from the ovary but from some adjacent 
tissue." An argument may be made regarding how much of the fruit is composed of 
ovarian tissue versus some other accessory tissue such as the receptacle in blueberry fruit. 
The entire epidermis of the blueberry fruit is receptacle tissue. The receptacle and the 
exocarp are distinct at the top of the fruit throughout its development and at the bottom 
during early development. ln this case, enough of the fruit comprises receptacular 
(accessory) tissue that it should be called an accessory fruit. 
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Special Features 
Epidermal/Subepidermal Variations 
Variation in anthocyanin distribution at full ripeness was observed among the 
cultivars studied but did not seem cultivar specific. Anthocyanins were concentrated 
within the epidermis only, in epidermal and subepidermal layers, and extended into outer 
pericarp cells occasionally. These areas of concentration were also observed by 
Yarbrough and Morrow ( 1946), but they added that some fruit contained anthocyanins 
throughout the pericarp. The anthocyanin filled epidermal layer ranged from highly 
regular to disorganized, but neither the variation in anthocyanin distribution nor 
epidermal organization appeared cultivar related. Cu!tivar differences might exist, but 
stage of maturation and environmental conditions confound the identification of this type 
of relationship. 
Stone Cells 
Stone cells varied in number, distribution, and grouping within the fruit of the five 
cultivars studied, but correlations among these variations and cultivar, ripeness stage, 
and/or location within the fruit were established. Stone cells were observed close to the 
epidermis, toward the vascular center, and randomly throughout the mesocarp. They 
occurred singularly and in groups of2-3, although larger groups were suspected. Stone 
cell number and distribution may be dependent on the location from which a section was 
taken from a fruit. Two sections from the same end of a single 'Tifblue' fruit showed a 
difference in the number of stone cells, but overall distribution seemed constant. A 
comparison of sections from opposite ends of a fruit showed distribution variations with 
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stone cells within the section from the floral ends being concentrated toward the vascular 
center with a few toward the epidermis, but the stone cells within the attachment end 
sections were scattered throughout the mesocarp. Research by Yarbrough and Morrow 
(1946) produced similar results to those described above. Stone cells were observed 
singular and grouped in four cultivars of blueberry. Stone cell concentrations were 
highest in areas around the locules (center) although some stone cells were located close 
to the epidermis. A single layered endocarp lining the locules comprised smaller, 
elongated, and tightly packed stone cells. This was also observed in my research. They 
found that stone cells of the mesocarp varied in number among cultivars. They specified 
that stone cell concentration variation might be useful in varietal distinctions or at least 
helpful in species description. I evaluated stone cell frequency and distribution as they 
might relate to blueberry splitting, bu~ a clear correlation did not materialize. Location of 
the section within the whole of the fruit seemed to play a big part in both number and 
frequency. A project in which section location and cultivar relationships with stone cell 
number and location would need to be completed to clarify results both from my study 
and the study ofYarbrough and Morrow (1946). 
Splitting of Fruit 
Morphology 
Each of the five cultivars chosen for the study was categorized as either SS or SR 
and had a characteristic significant enough to identify the cultivar as a good candidate for 
the study. 'Premier' is SR and is a commercially popular cultivar. 'Tifblue' is also 
commercially popular but is SS and has characteristics typical of susceptible cultivars 
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such as firmness greater than that of SR cultivars (Marshall, 2006). 'Montgomery' has 
firmness characteristics similar to that of 'Titblue' but is SR, so it was chosen as part of 
the study because of its opposing firmness/resistant characteristics. 'Pearl River' splitting 
is more severe than in any other cultivar studied and does not seem to be associated 
specifically with the attachment end of the fruit. 'Pearl River' differs from other cultivars 
in being pentaploid, having minimal waxy bloom, and having a dark colored fruit, but 
none of these novel characteristics were considered with respect to splitting in this study. 
A general trend observed during field studies is that blueberry fruit tend to split at 
the attachment end of the fruit. Cultivars that are considered to be SR tend not to split 
when they are ripe, but they have been induced to split quring early ripeness stages. SS 
cultivars tend to split at full ripeness but rarely are induced to split during early ripeness 
stages. Firmness has been linked with a greater splitting tendency (Marshall, Spiers, & 
Stringer, 2008). A higher ratio of apoplast to symplast could be related to fruit firmness 
as well as related to an increase in water uptake because of the accessibility of available 
carbohydrate. 
Anatomy 
A typical wound response for a plant is the production of callose at the site of the 
injury for repair and to prevent further damage. The split area of blueberry fruit, 
observed at the microscopic level, showed callose produced along the split area and to the 
outside of intact cells. One of the questions posed in this study was whether splitting 
involved bursting of cells or splitting of tissue along cell walls. The observation of 
callose production among intact cells lining a split resolved that basic question. The 
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formation of callose to the outside of intact cells and especially the presence of these 
intact ce lls along the fissure supported my hypothesis. The presence of callose and 
cellular separation at the middle lamella also supported my hypothesis of splitting as an 
apoplast phenomenon since the splits occurred in the apoplast (between cells). 
Lacunae, large voids within the blueberry fruit tissue, were observed from the 
area just below the epidermis to deep mesocarp. These voids, filled with muci lage or 
apparently empty (assumed to be fi lled with water), probably begin with the degeneration 
of middle lamella (Farmer, 1889) and contribute to the area of apoplast. Water potential 
measurements were not included in this study, but the fo llowing speculation is offered. 
The lacunae which are water filled likely contain osmotically active particles from 
degrading apoplast that would decrease water potential thus increasing the amount of 
water attracted to lacunae. The water-fi lled lacunae would swell weakening the 
surrounding tissue and increasing the likelihood of splitting. The amorphous, non-
crystalline, hydrophilic, mucilage-filled lacunae would also decrease water potential. 
Water would be attracted by both hydrophilic particles as well as water potential gradient 
thus increasing the amount of water entering the mucilage-filled lacunae and again 
increasing the likelihood of splitting. The presence of both mucilaginous and "empty" 
lacunae supports my hypothesis of splitting as an apoplast phenomenon. Farmer ( 1889) 
commented on a similar phenomenon in Crataegus oxyacantha that 
Irregular cracks appear in the gum-like middle lamella, and finally 
intercellular spaces of a large size are formed, and in many cases the slimy 
substance of the degenerating portion of the wall can be seen stretching 
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across in strands which fuse with the mass lining the spaces. As 
degeneration proceeds, the cells of the pulp become rounded off, and only 
remain in contact at points to which the change has not extended. These 
spots are especially those which appear in younger fruits as pits, and the 
pit membrane resists the pressures tending to split it apart, and thus are 
produced the ' glove-finger'-like extensions ofthe walls ofthe cells at 
these places when the rest of the middle lamella around them is swelling 
in thickness as degeneration proceeds. (pp. 398-399) 
Quantitative Analysis 
Cultivar differences in apoplast:symplast ratios. My initial hypothesis that a 
significant difference would exist in A:S ratios was supported, but based on field studies, 
I thought that there might be differences separating SR from SS cultivars. Demonstrating 
differences in the A:S ratios indicated that those ratios might be causally related to 
splitting but that they would have to be studied at a different level of organization. 
Interest in the SR and SS categories established through field observations suggested 
looking for significant A:S ratio differences between these categories. Observations of 
differences within individual fruit suggested A:S ratio differences at that level of 
organization might be profitable. 
Split-resistant and split-susceptible cultivars differences in apoplast:symplast 
ratios. My hypothesis that the A:S ratio of the SS category would be significantly higher 
than the A:S ratio of the SR category was supported. My speculations about lacunae and 
apoplast driving the decrease in fruit water potential were supported and thus the 
potential of strong physical uptake of water is more likely in SS fruit. 
Floral and attachment end apoplast:symplast ratio comparisons: split-resistant 
and split-susceptible. Laboratory observations of fruit sections from some cultivars 
indicated non-homogenous ratios of apoplast to symplast with preliminary testing 
indicating a floral to attachment end gradient. Based on the previous statistical test 
indicating a significant difference in A:S ratios between SS and SR categories, these 
categories were maintained for this tissue level analysis. The SS cultivars showed no 
difference between top and bottom A:S ratios while the SR cultivars had a significantly 
higher top than bottom A:S ratio. Considering the differences in homogeneity both 
within fruit and across SS and SR categories suggested complications which prevented 
me from discovering differences among cultivars in my initial statistical test. The 
solution was to revisit the initial test, comparing cultivar tops and bottoms separately. 
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Cultivar differences in apoplast:symplast ratios: attachment/bottom end and 
top/floral end. The initial quantitative test focused on differences among the five 
cultivars without respect to top/bottom tissue distinction, and although differences among 
the cultivars existed, they did not separate into SR and SS categories. Field and 
laboratory observations combined with statistical differences in mean A:S ratios from 
floral to attachment end and differences in A:S ratios in field observed SR and SS 
cultivars provided information that led me to consider floral and attachment ends of fruit 
of the five cultivars for differences in mean A:S ratios. 
A significant difference existed between SS and SR when considering the 
attachment ends of the fruit. Thus expected differences between the SS and SR 
categories were obscured by averaging the whole tissue from each fruit rather than 
considering top and bottom separately. In addition to discovering that SS cultivars had 
significantly larger A:S ratios than the SR cultivars, I was able to make a qualitative 
correlation between SS cultivars and the specific location on the fruit where splitting 
occurs. 
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Fruit ripening/senescing includes cell wall degradation which contributes to an 
increase in apoplast and thus potentially higher A:S ratios. As walls degrade, hydrophilic 
carbohydrates become exposed ready to interact with water creating a decrease in water 
potential. Water supplied at this point (close to harvest time) could then readily infiltrate 
these areas of loosely arranged cell walls and regions of ionic concentration. Cultivars 
with higher A:S ratios would therefore be more likely to split as water readily enters the 
tissue increasing pressure among cell walls and within the fruit to a point that the fruit 
can no longer maintain structural integrity. 
The SR cultivars were not significantly different in mean A:S ratio of the floral 
end of the fruit than the SS cultivars, but the SS cultivars were significantly different 
from each other with ' Pearl River' having the highest mean A:S ratio and 'Tifblue ' 
having the lowest mean ratio. Considering several facts (gathered during this study and 
studies by others) such as that SS cultivars, at the floral end of the fruit, occurred at the 
opposite ends of the mean A:S ratio spectrum; floral/attachment end A:S ratio differences 
were supported statistically; splitting occurs at different locations on the fruit; and that 
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drastic variations in the types of splits may occur (microcrack versus large and severely 
damaging), I propose that it is not simply the ratio of apoplast to symplast that is 
significant, but it is also the balance between apoplast and symplast that provides the fruit 
with structural integrity at both cell and tissue levels which lowers splitting susceptibility. 
Conversely, a low ratio or a high ratio, specifically at the floral end of the fruit, might 
increase a fruit ' s splitting susceptibility by decreasing overall structural integrity. 
The phenomenon of fruit splitting most commonly at the attachment end, whether 
in SS or, less commonly in SR, cultivars, might be explained by general fruit 
vascularization. The difference that has been observed in the likelihood of splitting to 
occur at one end of the fruit over the other along witl). the difference in A:S ratio between 
the floral and attachment ends of the fruit might be explained by the changing amounts of 
vascularization as it travels the fruit from the base toward the calyx. Vascular bundles 
are grouped, separate, and change directions throughout the fruit. Vascularization and its 
interaction with apoplast/symplast might explain some of the differences observed during 
the study. 
APPENDIX 
SOLUTION RECIPES AND PROCEDURES 
Bouin's Fixative Solution (Strong) 
25 ml - Formalin 
75 ml - Picric Acid (saturated aqueous) 
5 ml - Glacial Acetic Acid 
Fixing and Paraffin Embedding 
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l . Place tissue (whole for immature fruit and flowers and bisected for mature fruit) 
in Bouin 's solution (use containers with screw-top lids) at least overnight. Place 
under vacuum for 30 minutes-t hour (or until air bubbles subside) before 
continuing with wash and dehydration. 
2. Rinse tissue with 20% ethanol until yellow coloration from Bouin 's solution is no 
longer seen. Strain 20% ethanol off of the fruit, add - 200 ml 30% ethanol, and 
place under vacuum. Change solution to fresh 30% ethanol as yellow coloration 
appears. Continue this cycle until yellow coloration no long appears. 
3. Change to a 50% ethanol solution when yellow coloration subsides. Still under 
vacuum, change to a fresh 50% solution if yellow coloration becomes significant. 
Leave under vacuum for at least l hour. 
4. Change to a 70% ethanol solution (still under vacuum) for a minimum of L hour 
but 2-3 hours is best. Once the tissue is in 70% ethanol, it can be stored in 
refrigeration but dehydration should continue as soon as possible. 
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5. Change to an 85% ethanol solution and leave under vacuum for a minimum of l 
hour. Transfer next to 95% ethanol, then three changes of 100% ethanol, one 
change of 100% ethanol:xylene (1:1) mixture, and two changes ofxylene. Each 
solution change should be followed by I hour under vacuum. 
6. Change to fresh xylene and add paraffin chips (enough to cover the bottom of the 
container), put lids on containers, and then place in a 35°C oven. Monitor the 
tissue and add more paraffin chips if all chips have dissolved. Continue this 
process over - 3-5 days . Add fewer chips as the solution becomes saturated to 
prevent solidifying the mixture with paraffin. 
7. When the solution becomes slightly slushy, re~ove the lids, and transfer to a 
60°C oven. Replace half of the paraffin/xylene solution with melted paraffin and 
leave in the oven for 3 hours. Repeat two more times, and then leave overnight. 
8. Completely change paraffin and leave for two hours. Repeat 4 times. 
9. Cast specimens in paraffin molds. Refrigerate until ready to section. 
Stain Recipes 
Safranin solution 
4 g - safranin 
200 ml - methyl cellosolve (2-methoxyethanol) 
100 ml - 95% ethanol 
l 00 ml - distilled water 
4 g - sodium acetate 
8 ml - formaldehyde 
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Dissolve safranin dye in methyl cellosolve and then add 95% ethanol to the dye solution. 
Dissolve sodium acetate in formaldehyde and water and then add to the dye solution. 
Fast Green solution 
0.3 g - fastgreen 
50 ml - methyl cellosolve 
50 m1 - 100% ethanol 
50 ml - cedarwood oil 
Dissolve fast green in a 1:1: 1 solution of methyl cellosolve, 100% ethanol, and 
cedarwood oil. 
Staining Procedures 
Safranin/Fast Green 
I. Deparaffinize with xylene for three minutes. 
2. Hydrate in 100% ethanol for three minutes, 95% ethanol for three minutes, and 
then 70% ethanol for three minutes. 
3. Stain with safranin for one hour (time should be adjusted as needed for specific 
ti ssue). 
4. Dehydrate in 95% ethanol plus three drops of 0.5% picric acid for 10 seconds. 
5. Wash in 95% ethanol plus four drops of ammonium hydroxide for 10 seconds -
one minute. 
6. Wash in 100% ethanol by dipping for 10 seconds. 
7. Counterstain with fast green for 10-20 seconds. 
8. Rinse with used cedarwood oil by dipping 3-10 times. 
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9. Clear with a mixture of (50:25 :25) cedarwood oil, 100% ethanol, and xylene for 
5-10 seconds. 
10. Continue clearing with xylene plus 2-3 drops of 100% ethanol by dipping for five 
seconds. 
11 . Finish clearing with two rounds of xylene each for one minute. 
12. Mount with cover slip immediately. 
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